In eukaryotes, DNA polymerase δ (pol δ) is responsible for replicating the lagging strand template and anchors to the proliferating cell nuclear antigen (PCNA) sliding clamp to form a holoenzyme. The stability of this complex is integral to every aspect of lagging strand replication. Most of our understanding comes from Saccharomyces cerevisae where the extreme stability of the pol δ holoenzyme ensures that every nucleobase within an Okazaki fragment is faithfully duplicated before dissociation but also necessitates an active displacement mechanism for polymerase recycling and exchange. However, the stability of the human pol δ holoenzyme is unknown. We designed unique kinetic assays to analyze the processivity and stability of the pol δ holoenzyme. Surprisingly, the results indicate that human pol δ maintains a loose association with PCNA while replicating DNA. Such behavior has profound implications on Okazaki fragment synthesis in humans as it limits the processivity of pol δ on undamaged DNA and promotes the rapid dissociation of pol δ from PCNA on stalling at a DNA lesion.
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lagging strand | stability | PCNA | DNA polymerase delta | translesion DNA synthesis D uring S-phase of the cell cycle, genomic DNA must be faithfully copied in a short period. Replicative DNA polymerases (pols) alone are distributive and must anchor to ringshaped sliding clamps to achieve the high degree of processivity required for efficient DNA replication. The highly conserved toroidal structure of sliding clamps has a central cavity large enough to encircle double-stranded DNA (dsDNA) and slide freely along it. Thus, such an association effectively tethers the pol to DNA, substantially increasing the extent of continuous replication. The eukaryotic sliding clamp, proliferating cell nuclear antigen (PCNA), is trimer of identical subunits aligned head-to-tail, forming a ring with two structurally distinct faces. Each subunit consists of two independent domains connected by an interdomain connecting loop (IDCL). The "front" face of the homotrimeric PCNA ring contains all IDCLs and is a platform for interaction with the eukaryotic replicative pols, e and δ, which are responsible for the faithful replication of the leading and lagging strands, respectively (1, 2) . Specifically, the well-conserved PCNA-interacting peptide (PIP) box within replicative pols makes extensive contact with an IDCL of PCNA and displays conserved residues that "plug" into the proximal hydrophobic patches. The amino acid sequence of a canonical PIP box is QXXhXXaa, where X represents any amino acid, h is a hydrophobic residue (usually L, I, or M), and a is an aromatic residue (usually F or Y) (3) .
Unlike the leading strand, the lagging strand is synthesized discontinuously in short Okazaki fragments that are processed and ligated together to form a continuous strand (4) . In eukaryotes, each Okazaki fragment is initiated by the bifunctional DNA pol α/primase complex that lays down cRNA/DNA hybrid primers every 100-250 nucleotides (nt) on the exposed template for the lagging strand. The intermittent single-stranded DNA (ssDNA) is protected from cellular nucleases by replication protein A (RPA), a ssDNA binding protein that also prevents formation of alternative DNA structures. The clamp loader, replication factor C (RFC), recognizes these hybrid primers abutted by RPA and loads PCNA onto each such that the front face of the clamp is oriented toward the 3′ end of the nascent primer/template (P/T) junction where DNA synthesis will initiate. An incoming pol δ subsequently captures the loaded PCNA ring, forming a holoenzyme, and DNA synthesis initiates (2, 5) .
The stability of the lagging strand holoenzyme is integral to various aspects of Okazaki fragment synthesis. For eukaryotes, most of our understanding comes from studies in Saccharomyces cerevisae, where the three-subunit pol δ is extremely stable with PCNA on DNA (k off < 2 × 10 −3 s −1
, t 1/2 > 5 min). Once DNA synthesis is initiated from a nascent primer, the dramatically slow k off ensures every nucleotide within a given Okazaki fragment is faithfully duplicated before dissociation. On the other hand, such high stability necessitates an active mechanism for displacement of pol δ once DNA synthesis stops (6, 7) . This situation arises when a pol δ holoenzyme encounters either the 5′ RNA end of a downstream Okazaki fragment (pol recycling) or distortions to the native sequence that it cannot accommodate (pol exchange), such as common byproducts of UV radiation exposure (8) . Pol recycling allows the scarce pol δ to be reused during S-phase, whereas pol exchange permits a specialized pol to bind to PCNA and synthesize past the offending damage [translesion DNA synthesis (TLS)] so that pol δ may resume synthesis (9-12). However, studies on the human pol δ holoenzyme are lacking, and hence, the mechanisms by which polymerase recycling and exchange occur are unknown. To gain insight, we designed a unique kinetic assay to measure the stability of the pol δ holoenzyme. Surprisingly, the results indicate that human pol δ maintains a loose association with PCNA. Such behavior has profound implications on lagging strand synthesis as it limits the extent of processive DNA synthesis and promotes the rapid dissociation of pol δ from PCNA on stalling.
Significance
The results from the reported studies indicate that the human lagging strand polymerase, pol δ, maintains a loose association with the sliding clamp, proliferating cell nuclear antigen (PCNA), while replicating and rapidly dissociates on stalling, leaving PCNA behind on the DNA. This behavior has profound implications on lagging strand synthesis as it limits the extent of processive DNA synthesis on undamaged DNA and promotes the rapid dissociation of pol δ on stalling at a replication-blocking lesion. This challenges the accepted models for polymerase recycling and exchange on the lagging strand and instead suggests passive mechanisms for the human system. These studies provide valuable insight for future experiments in the fields DNA replication, DNA repair, and DNA damage tolerance.
Results
Monitoring a Single Turnover of Primer Extension by Human pol δ.
Human pol δ is comprised of four subunits: three accessory subunits (p50/POLD2, p66/POLD3, and p12/POLD4) and a large catalytic subunit (p125/POLD1) that contains both DNA polymerase and exonuclease domains. The p125, p50, and p66 subunits are homologs of the S. cerevisae pol3, pol31, and pol32 subunits, respectively. A homolog of the human p12 subunit is absent in S. cerevisae. Three of the four human pol δ subunits can interact directly with PCNA. The p66 accessory subunit contains a canonical PIP box, whereas the p125 catalytic subunit and the p12 accessory subunit both contain noncanonical PIP domains where the conserved Q residue has been replaced with an alternative amino acid (13) (14) (15) (16) (17) (18) (19) (20) (21) . The homotrimeric PCNA sliding clamp contains three identical binding sites for PIP box-containing proteins and, hence, human pol δ may simultaneously bind all three subunits within a given PCNA trimer, similar to that observed in S. cerevisae (22) . Indeed, sequential removal of the p12 and p66 accessory subunits from the human pol δ assembly reduced the extent of PCNA-dependent DNA synthesis in a stepwise manner, suggesting that all PCNA-interacting subunits are required to form a holoenzyme with optimal DNA synthetic activity (23) . In all experiments discussed herein, only the complete, four-subunit human pol δ complex was used. Furthermore, pol exchange in eukaryotes involves the conjugation of single ubiquitin moieties (i.e., monoubiquitination) to lysine residues (K164) of PCNA residing at a stalled P/T junction. This posttranslational modification (PTM) is essential for optimal TLS activity in mammalian cells (24) , but its role in pol exchange is under intense debate. To gain insight into a potential role of this PTM involving the lagging strand pol δ, we synthesized monoubiquitinated PCNA [referred to herein as (Ub) 3 -PCNA] that contains a single ubiquitin moiety on K164 of each monomer within a homotrimeric clamp ring (25) . The conjugation of ubiquitin to PCNA has no effect on the interaction of PCNA with RFC ( Fig. S1B ) or on the ability of RFC to load PCNA onto DNA (Fig. S2 ), in agreement with observations from similar studies in S. cerevisiae (26) . Thus, any observed effect on the DNA synthetic activity of an assembled pol δ holoenzyme will not be attributable to the amount of (Ub) 3 -PCNA loaded onto DNA.
To probe the stability of the pol δ holoenzyme, a holoenzyme must be distinguished from pol δ alone. We used a DNA substrate ( Fig. 1 ) that mimics a nascent P/T junction on the lagging strand to monitor primer extension by pol δ during a single DNA Fig. 1 . Sequence of the biotinylated primer/template P29/Bio62. The size of the double-stranded P/T region (29 bp) is in agreement with the size of an initiating hybrid P/T and the requirements for assembly of a human pol δ holoenzyme by RFC (5, 70) . The biotin attached to the 3′-end of the template strand was prebound to neutravidin, preventing loaded PCNA from sliding off the 5′ end of the primer. The single-stranded DNA (ssDNA) adjacent to the 3′ end of the P/T junction was prebound with excess RPA. The size of this region (33 nt) is consistent with the size of ssDNA covered by a single RPA molecule (22-30 nt) (71) . To monitor extension of the primer by pol δ within a single binding encounter, the 29-mer primer was 32 P-end-labeled before annealing and reactions were carried out in the presence of a passive DNA trap. In all experiments, the trap is unlabeled substrate lacking a biotin tag and containing a 3′-dideoxy-terminated primer (referred to as 29ddC/62). Fig. 2 . Assembly of a pol δ holoenzyme on the P29/Bio62 DNA substrate is characterized by primer extension. (A) Schematic representation of the experiment performed to monitor primer extension by a pol δ holoenzyme. The pol δ holoenzyme was assembled on the P29/Bio62 by the addition of RPA, PCNA, ATP, RFC, and pol δ in succession. PCNA was either unmodified (PCNA) or monoubiquitinated [(Ub) 3 -PCNA]. Synthesis by assembled holoenzymes was initiated by the simultaneous addition of dNTPs and a passive DNA trap. The experiment for pol δ alone was performed identically except for the omission of PCNA and RFC. (B) 16% denaturing sequencing gel of the primer extension products for pol δ alone (lanes 1-6) and pol δ holoenzymes assembled with either PCNA (lanes 7-12) or (Ub) 3 -PCNA (lanes [13] [14] [15] [16] [17] [18] . The sizes of the substrate and full-length product are indicated on the left and the insertion step (i) for each primer extension product up to 36 nt in length (i = 7) is indicated on the right. (C) Quantification of the primer extension products (total, ■) and the fully extended primer (•) for holoenzymes assembled with either PCNA or (Ub) 3 -PCNA. Each point represents the average ± SD of three independent experiments. For the full-length 62-mer product, all data points were fit to a flat line where the y-intercept reflects the amplitude. The total amount of primer extension products increased up to at most 20 s and plateaued thereafter. Such behavior was independent of the preincubation time (Fig. S3 ) and was not attributable to limiting concentrations of ATP and/or dNTPs ( Fig. S4 A and B) or mis-incorporation of the first nucleotide (Fig. S5) . For primer extension products, data points after t = 10 s were fit to a flat line where the y-intercept reflects the amplitude. Values are reported in Table 1 .
binding event (Fig. 2A) . Under the conditions used (physiological pH, ionic strength, and dNTP concentration), pol δ alone did not extend the primer (Fig. 2B) . Increasing the preincubation time did not promote primer extension, nor did increasing the concentration of dNTPs (Fig. S3 ). These observations are in agreement with the inability of pol δ alone to form a stable complex with a native P/T DNA substrate (27) and suggest that the DNA binding affinity of human pol δ alone is dramatically low such that dissociation from the DNA substrate is much faster than dNTP binding and/or insertion. Primer extension was only observed in the presence of RFC and a PCNA, either unmodified or monoubiquitinated PCNA. Thus, assembly of a pol δ holoenzyme is indicated by DNA synthesis. The activities of the assembled holoenzymes were identical ( Fig. 2C and Table 1 ). Synthesis of the full-length product was complete within the first time point (10 s), yet primer extension continued up to at most 20 s. This behavior suggests there are at least two populations of holoenzymes that cannot be interconverted: a fast, processive population (k pol ∼ 100 s −1 , discussed later) and a slow population (k pol ≤ 0.485 s −1 ; SI Text). It is highly unlikely the latter reflects holoenzymes lacking the smallest pol δ subunit (p12), as exclusion of p12 only decreases k pol 4.6-fold (28). After 20 s, all DNA synthesis by the assembled pol δ holoenzymes has ceased as the total amount of primer extension products remains constant, and the relative abundance of each primer extension product does not change (Fig. S6) . The primer extension products plateau at a concentration (i.e., the amplitude) less than the concentration of the DNA substrate, indicating a single turnover of DNA synthesis has been monitored. Hence, the amplitude is equal to the concentration of assembled holoenzymes that are competent for DNA synthesis. Equivalent values were obtained for holoenzymes assembled with either PCNA or (Ub) 3 -PCNA, indicating that (Ub) 3 -PCNA has no effect on the assembly of the pol δ holoenzyme.
Measuring the Processivity of the Human pol δ Holoenzyme. Under the conditions of the assay, the extent of processive DNA synthesis by assembled pol δ holoenzymes can be quantitatively analyzed at single nucleotide resolution. At each dNTP insertion step, i, the probability that a pol δ holoenzyme will insert another dNTP, P i , is equivalent for the holoenzymes assembled with either PCNA or (Ub) 3 -PCNA (Fig. 3) . Together, this demonstrates that assembly of the pol δ holoenzyme and its consequent processivity are unaffected by PCNA monoubiquitination. Interestingly, maximal P i values are not observed until i = 18, where more than 40% of the initially assembled holoenzymes have already aborted. From i = 18 to i = 26, P i remains constant and then drops off as the pol δ holoenzyme approaches the end of the DNA template. Kinetically, P i is defined as
where k off is the rate constant for dissociation of pol δ from the DNA substrate. Given the observance of at least two pol δ holoenzyme populations that insert dNTPs with vastly different rate constants (k pol ), the aborted primer extension products observed at the onset of DNA synthesis (i ≤ 17) are from the slow holoenzyme population (low P i ), whereas longer products (i ≥ 18) are synthesized only by the fast, processive population (maximal P i ). Based on the concentration of all primer extension products that are least 47 nt in length (N + i = 29 + 18 = 47), this suggests that the faster, processive population may account for ∼60% of the pol δ holoenzymes assembled with either PCNA or (Ub) 3 -PCNA.
Once an assembled pol δ holoenzyme initiates DNA synthesis from a nascent primer, the probability of insertion, P i , determines the fraction of pol δ holoenzymes that will reach the 5′ end of the downstream duplex region before dissociation. For instance, the pol δ holoenzyme from S. cerevisae inserts dNTPs very fast (k pol = 72-150 s
) and is extremely stable when stalled on DNA (k off ≤ 2.31 × 10 −3 s −1 ), yielding a P i value of essentially 1.0 (P i ≥ 0.9999). Thus, less than 1% of pol δ holoenzymes dissociate before the nascent primer is completely extended (0.9999 250 = 0.9962). Indeed, a pol δ holoenzyme from S. cerevisiae can replicate an entire 7.4-kb ssDNA circular plasmid within a single binding encounter (6, 7, 29, 30) . As observed in Fig. 3A , P i for human pol δ plateaus at 0.999 ± 7.25 × 10 −5 and 0.998 ± 2.99 × 10 −4 for holoenzymes assembled with PCNA and (Ub) 3 -PCNA, respectively. Based on these P i values, ∼14% of human pol δ holoenzymes dissociate before inserting 100 dNTPs and ∼31% dissociate before inserting 250 dNTPs (Fig. 3B) . Thus, at physiological pH, ionic strength, and dNTP concentration, a significant portion of human pol δ holoenzymes may dissociate into solution before finishing an Okazaki fragment, in stark contrast to S. cerevisae. Such contrast is not unforeseen as the highly limited processivity of the human pol δ holoenzyme has been well documented. Specifically, synthesis of the full-length product (7.4 kb) by a human pol δ holoenzyme on a singly primed M13 substrate required long incubation times, a large excess of pol δ, and the lack of a trap. Furthermore, a distribution of primer extension products appeared and persisted between the native primer and the full-length product. This behavior has been observed for the native four subunit human pol δ complex obtained directly from human cells (31) , as well as recombinant four subunit complexes expressed and purified from either insect cells (21, 23, (31) (32) (33) or Escherichia coli (34, 35) . All of these aforementioned properties are classic descriptions of a nonprocessive DNA pol and are in complete contrast to the behavior of S. cerevisae pol δ on the same DNA substrate (6, 7, 29, 30) . Indeed, the experimentally measured P i values presented in Fig. 3 suggest that more than half of all pol δ holoenzymes assembled with PCNA dissociate before synthesizing 695 nt (0.999 695 = 0.499), necessitating multiple binding events for complete replication of a M13 template. Thus, the P i values measured in these studies agree with the previous qualitative assessments on the limited processivity of the human pol δ holoenzyme compared with S. cerevisiae. As alluded to above, lower P i values for the human pol δ holoenzyme reflect either a faster k off , a slower k pol , or a combination of both possibilities. Next, we designed an assay to directly measure k off for the human pol δ holoenzyme.
Stability of the pol δ Holoenzyme on Stalling. Assembly of a pol δ holoenzyme is indicated by primer extension (Fig. 2) . We exploited this to probe the stability of pol δ holoenzymes under running start conditions that mimic stalling at a DNA lesion (Fig. 4A) . Only long primer extension products (i ≥ 28) were observed above i = 1 (Fig. 4B) , and analysis revealed that a substantial portion of assembled holoenzymes rapidly dissociated on stalling, whereas the remaining portion dissociated over the next 30 s or so ( were obtained for pol δ holoenzymes assembled with PCNA and (Ub) 3 -PCNA, respectively. Extrapolation of the fits back to time 0 yields amplitudes of 0.537 ± 0.0121 and 0.588 ± 0.0214 for each respective holoenzyme, suggesting that the observed population of pol δ holoenzymes accounts for ∼60% of the total population. This value bears a striking resemblance to the amount of the fast, processive population that was predicted based on the distribution of primer extension products in Fig. 2 . Together with the aforementioned results, this analysis suggests that the slow holoenzyme population immediately disassembles on stalling and is not detected, whereas only the fast, processive population remains Fig. 4 . Dissociation of a stalled pol δ holoenzyme. (A) Schematic representation of experiment performed to monitor stability of the pol δ holoenzyme. First, the pol δ holoenzyme was assembled as in Fig. 2A . After a 10-s preincubation, trap and dGTP (the first dNTP to be incorporated) were added simultaneously to select for assembled pol δ holoenzymes that are competent for DNA synthesis. After varying incubation times, aliquots were removed, mixed with a dNTP chase containing all dNTPs, and then quenched after 1 min. Under these conditions, only pol δ holoenzymes that remain assembled on the P29/Bio62 substrate after the specified incubation time will be able to extend the primer to i = 2 and beyond. Hence, the probability of insertion for i = 2 is equal to the fraction of pol δ holoenzymes remaining. (B) 16% denaturing sequencing gel of the primer extension products for pol δ holoenzymes assembled with either PCNA (lanes 1-13) or (Ub) 3 -PCNA (lanes [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The size of the substrate and full-length product is indicated on the left. As a control for each condition, an aliquot was removed after 2 min of preincubation and quenched before the addition of dNTPs (lanes 13 and 26). (C) The fraction of holoenzymes associated with the P29/Bio62 DNA substrate as a function of trap incubation time. Each point represents the average ± SD of three independent experiments for holoenzymes assembled with either PCNA or (Ub) 3 -PCNA . Data points from 5 to 60 s were fit to a single exponential decay. Extrapolation of the fit back to t = 0 yields the amplitude. The amplitudes, rate constants, and R 2 values for each fit are reported.
on DNA for some time. Only the latter population can synthesize the full-length product and the proportion of primer extension products that are completely extended decreases with trap incubation time (Fig. S7 ). Fitting these data yielded k off values equivalent to those reported in Fig. 4C . Thus, the assay and analysis only describe the fast, processive pol δ holoenzymes and indicate that k off is unaffected by PCNA monoubiquitination. Clearly, (Ub) 3 -PCNA does not promote disassembly of the human pol δ holoenzyme. The rate constant for dNTP insertion, k pol, may be calculated by rearranging the equation
From the experimentally determined values of P i (Fig. 3 ) and k off (Fig. 4) (6, (28) (29) (30) , indicating the fast k pol is conserved in humans and independent of PCNA monoubiquitination. Altogether, the results presented in this study demonstrate that monoubiquitination of PCNA has no effect on the assembly (Fig. S2,  Fig. 2 , and Table 1 ), activity (Figs. 2 and 3 ), or disassembly (Fig. 4 and Fig. S7 ) of the human pol δ holoenzyme. Given the drastic contrast in the behavior of the slow holoenzyme population (k pol ≤ 0.485 s ; SI Text), it is not physiologically relevant and will not be discussed further.
Discussion
The Instability of the Human pol δ Holoenzyme and Okazaki Fragment Synthesis. The experiments in Figs. 2 and 3 demonstrate that anchoring to PCNA increases the P i of human pol δ from 0.00 to 0.999 ± 7.25 × 10 −5 and 0.998 ± 2.99 × 10 −4 for holoenzymes assembled with PCNA and (Ub) 3 -PCNA, respectively. Presumably, this is due to the stabilization of pol δ on DNA (decrease in k off ). However, k pol in the presence and absence of PCNA has yet to be directly compared, and thus, a simultaneous enhancement of k pol cannot be ruled out. By directly monitoring dissociation of the human pol δ holoenzyme on stalling (Fig. 4) , k off values of 0.152 ± 0.00318 s −1 and 0.156 ± 0.00523 s −1 were obtained for holoenzymes assembled with PCNA or (Ub) 3 -PCNA, respectively. Under the conditions of the assay, pol δ may dissociate from the P29/Bio62 DNA substrate by one of three pathways; (i) pol δ first dissociates from DNA and then dissociates from PCNA encircling the P/T junction; (ii) pol δ first separates from PCNA and then "free" pol δ dissociates from DNA; or (iii) pol δ first dissociates from DNA and the "disengaged" pol δ•PCNA complex slides off the unblocked end of the template, which lacks biotin/neutravidin. Human PCNA slides along DNA extremely fast (i.e., diffusion coefficient ∼ 1.0 μM 2 /s), even when its hydrodynamic radius is dramatically increased by a bound protein (36) . Hence, the third pathway cannot be measured by the assay and would not be observed in Fig. 4 . The results from Fig. 2 demonstrate that pol δ will not extend the primer at physiological pH, ionic strength, and dNTP concentration, suggesting that the DNA binding affinity of human pol δ alone is dramatically low such that dissociation from the DNA substrate is much faster (i.e., >>100 s ) than dNTP binding and/or insertion and cannot be measured/observed by the assay. This behavior agrees with the inability of S. cerevisae pol δ to form a stable complex with a native P/T DNA substrate in the absence of PCNA (27) . Altogether, this suggests that, on stalling of the pol δ holoenzyme, dissociation of pol δ from DNA is entirely rate limited by the dissociation of pol δ from PCNA encircling the P/T junction (either pathway 1 or pathway 2). Thus, k off observed in Fig. 4 reports on the dissociation of pol δ from PCNA or (Ub) 3 -PCNA and reveals the surprising instability of this complex (t 1/2 < 4.57 s) compared with S. cerevisiae (t 1/2 > 300 s). From the equation ), indicating the fast k pol is conserved in humans (6, (28) (29) (30) . Thus, complete extension of a nascent RNA/DNA hybrid primer to a downstream duplex 100-250 nt away requires ∼1.0-2.5 s. Altogether, the results of the current studies provide the first demonstration, to our knowledge, that the nonprocessive behavior (low P i ) of the human pol δ holoenzyme compared with S. cerevisiae is due to a faster k off and not a slower k pol . Furthermore, these studies clearly indicate that monoubiquitination of PCNA has no effect on the properties of the human pol δ holoenzyme, in agreement with that observed in S. cerevisiae (26) .
As illustrated in Fig. 3B , a substantial portion (∼14-31%) of human pol δ may release from the lagging strand template before completing DNA synthesis of a given Okazaki fragment, in stark contrast to S. cerevisiae (<1%). Based on the concentration of pol δ in the cell (1.96 × 10 4 copies of p125 per cell), the size of the diploid genome (∼6 × 10 9 bp), and the length of Okazaki fragments in humans (100-250 nt), each pol δ must be reused ∼1,220-3,060 times per S-phase (4, 37). Thus, it appears that pol δ is most likely recycled back to a nascent RNA/DNA hybrid primer on releasing prematurely from a given Okazaki fragment. Under this assumption, ssDNA gaps between adjacent Okazaki fragments may arise and persist during unperturbed S-phase in humans. However, extensive efforts have revealed this is not the case in vivo. In mammalian cells, all replication origins do not fire simultaneously at the onset of S-phase. Rather, DNA synthesis progresses by the activation of replication origins at different times over the course of an extended S-phase (8-12 h), such that only a fraction of replication origins are active at any given time (ref. 38 and references cited therein). Thus, the need to recycle limiting pol δ during S-phase may not be so dire. Furthermore, the rate of replication fork progression in various human cell lines is only ∼1.6 kb/min (38) (39) (40) , suggesting that an Okazaki fragment is exposed every 3.8-9.4 s on average, much longer than the time required (∼1.0-2.5 s) for one or more human pol δ holoenzymes to completely extend a nascent RNA/ DNA hybrid primer to the downstream duplex. In the event that pol δ dissociates prematurely from the lagging strand template, PCNA is almost certainly left behind on the DNA for some time as spontaneous opening of the human PCNA ring is dramatically slower (t 1/2 = 9.63 min) (5). Indeed, recent in vivo evidence suggests that enzyme-catalyzed recycling of scarce PCNA during unperturbed S-phase will not occur until the adjacent Okazaki fragments are ligated together (41) . Thus, PCNA is retained on the Okazaki fragment on dissociation of pol δ, and hence, the pol δ holoenzyme does not need to be reassembled from scratch to complete DNA synthesis. Last, when replicated, simian virus 40 (SV40) DNA was extracted from infected human cells and visualized by electron microscopy, internal ssDNA gaps were not observed under nonperturbed conditions. For this model system, all aspects of replicating the double-stranded SV40 DNA except for helicase-assisted unwinding are carried out by the replication machinery of the human host cell. In the absence of DNA damage, small internal ssDNA gaps (50-300 nt) indicative of premature release and recycling of pol δ were not observed within the replicated regions of SV40 DNA molecules (42, 43) . Altogether, this suggests that lagging strand synthesis within a human cell may not require maximum processivity/efficiency and that aborted Okazaki fragments are rebound in the event pol δ dissociates prematurely (Fig. 5A) . Hence, more than one pol δ holoenzyme may contribute to the synthesis of a given Okazaki fragment, in contrast to S. cerevisiae.
The Instability of the Human pol δ Holoenzyme and Translesion DNA Synthesis. During S-phase, the template DNA may be compromised by modifications that replicative pols cannot accommodate (2) . For instance, the lagging strand pol δ in humans cannot replicate past common byproducts of lipid peroxidation and synthesis on the afflicted Okazaki fragment abruptly stops (44, 45) . Such arrests may be overcome by TLS where pol δ is exchanged for a TLS pol that also binds to the front face of PCNA, either through a noncanonical PIP domain or a BRCT (BRCA1 C terminus) domain (9) . With a more open pol active site and the lack of an associated proofreading activity, TLS pols are able to support stable, yet potentially erroneous, nucleotide incorporation opposite damaged templates, allowing synthesis by pol δ to resume. In humans, TLS involves the monoubiquitination of PCNA and at least seven TLS pols with varying fidelities. However, remarkably low error rates are observed in vivo after exposure to various DNA-damaging agents, indicating a highly efficient process (2, 46) . Currently, the mechanism for pol exchange, the role of monoubiquitinated PCNA in particular, is under scrutiny.
In addition to their PCNA binding domains, most eukaryotic TLS pols such as pol η contain ubiquitin binding domains (UBDs) that may selectively increase their affinity for monoubiquitinated PCNA (9) . A popular model for pol exchange during TLS purports that ubiquitin moieties on PCNA recruit TLS pols to sites of DNA damage where they actively displace/ exchange with a stalled replicative pol. In S. cerevisae, the extremely processive pol δ holoenzyme dissociates very slowly when stalled on DNA (k off ≤ 2 × 10
) and an active pol exchange model would be fitting for TLS (6, 7) . Indeed, a recent characterization of the exchange between S. cerevisae pol δ and pol η provided staunch supporting evidence (7). However, various experimental observations suggest this model may not be conserved in humans. As stated above, multiple independent reports have noted the highly limited processivity of the human pol δ holoenzyme compared with S. cerevisiae, suggesting that the human pol δ holoenzyme is relatively unstable, and, hence, an active pol exchange mechanism may be unnecessary for TLS on the lagging strand (21, 23, (31) (32) (33) (34) (35) . Furthermore, the binding affinity of a noncanonical PIP domain of human pol η for PCNA (0.4 μM) is more than 190-fold tighter than the affinity of its UBD for ubiquitin (∼77 μM), arguing against a selectively enhanced affinity for monoubiquitinated PCNA through additive binding domains (47, 48) . Indeed, three of the seven TLS pols in mammalian cells lack a UBD and the UBD of human pol η is dispensable for pol η-mediated TLS in vivo (46, 49) . Altogether, these studies suggest that an active pol exchange mechanism While replicating an undamaged lagging strand template, the human pol δ holoenzyme inserts dNTPs with a rate constant of 108 s −1 , more than 710-fold faster than the rate constant for dissociation of pol δ from PCNA encircling DNA (k off ). Thus, at each dNTP insertion step, a pol δ holoenzyme has a 99.9 ± 7.25 × 10 −3 % chance of inserting another dNTP rather than dissociating into solution. In the event pol δ dissociates into solution before completing a given Okazaki fragment, PCNA is left behind on the lagging strand template. Pol δ rebinds the residual PCNA and DNA synthesis resumes from the aborted P/T junction. Thus, ssDNA gaps in replicated regions of the lagging strand template, i.e., behind a progressing replication fork, are absent on native templates (B) Damaged template. During S-phase, the lagging strand template DNA may be compromised by modifications (X) that pol δ cannot accommodate (i.e., k pol = 0). Upon encountering such lesions, pol δ rapidly dissociates from DNA (t 1/2 < 4.6 s), leaving PCNA behind. An incoming TLS pol only needs to bind PCNA residing at the stalled P/T junction to attempt TLS. Pol δ may rebind to the resident PCNA and stalled P/T junction as in A, but pol δ-mediated DNA synthesis cannot resume on the afflicted Okazaki fragment until the lesion is bypassed by one or more TLS pols. Distributive DNA synthesis by TLS pols allows Pol δ-mediated DNA synthesis to resume beyond the lesion and the nascent DNA is completely extended to the 5′ end of the downstream Okazaki fragment. These "on the fly" TLS events occur in the absence of PCNA monoubiquitination and do not result in the formation of ssDNA gaps opposite the offending lesion. In the absence of a successful on the fly TLS event, pol δ is recycled to the upstream Okazaki fragments, leaving behind a ssDNA gap extending from the DNA lesion to the 5′ terminus of the downstream Okazaki fragment. These persistent ssDNA gaps coated with RPA serve as the signal for monoubiquitination of PCNA on the lagging strand. In this scenario, TLS across the offending DNA lesion and subsequent "filling in" and sealing of the ssDNA gap occurs behind the replication fork, i.e., postreplicative gap filling TLS.
proceeding through a transient (Ub) 3 -PCNA•pol δ•pol η intermediate is not conserved in humans. The experiments depicted in Fig. 4A mimic the scenario in which a pol δ holoenzyme encounters a modest DNA lesion that it cannot accommodate, such as common byproducts of lipid peroxidation (1,N 2 -ethenoguanine and 1,N 6 -ethenoadenine) and the major UV-induced lesion, cis-syn cyclobutane pyrimidine dimers (CPDs). These relatively small modifications are not envisioned to significantly alter the structure/dynamics of the lagging strand template. However, human pol δ cannot replicate past them, suggesting that disassembly of the pol δ holoenzyme on encountering such lesions is predominantly driven by an abrupt decrease in k pol . Indeed, blockage of strand elongation by human pol δ was observed directly 3′ to these lesions rather than upstream (8, 44, 45, 50) . The results presented in Fig. 4C demonstrate that human pol δ maintains a loose association with PCNA while replicating and rapidly dissociates from DNA on stalling (t 1/2 < 4.6 s), leaving PCNA behind. Thus, an incoming TLS pol would only need to bind PCNA residing at the stalled P/T junction to attempt TLS (Fig. 5B ), in agreement with the observation that only the PCNA binding domains of human pol η are essential and sufficient for pol η-mediated TLS in vivo (49) . Indeed, when the pol δ holoenzyme stability assays were repeated using catalytically inactive human pol η as trap, k off values of 0.115 ± 0.0112 s −1 and 0.166 ± 0.0174 s −1 were obtained for holoenzymes assembled with PCNA or (Ub) 3 -PCNA, respectively (Table 2 ), in agreement with the values presented in Fig. 4 . In vivo, this full-length, human pol η mutant retains all biological functions except DNA synthesis activity (51, 52) . Thus, equivalent k off values for pol δ holoenzymes assembled with either PCNA or (Ub) 3 -PCNA suggests that the binding of TLS pols to PCNA is governed by the passive dissociation of pol δ. The ubiquitin moieties on PCNA do not serve to recruit TLS pols to sites of DNA damage where they actively displace stalled pol δ. Altogether, the results presented in this study demonstrate that monoubiquitination of PCNA has no effect on the stability of the pol δ holoenzyme in the absence or presence of a TLS pol. To our knowledge, this is the first direct evidence that pol exchange during TLS on the lagging strand is not an active process in humans proceeding through a (Ub) 3 -PCNA•pol δ•pol η complex.
Human pol η accurately replicates across thymine-thymine CPDs (TT-CPDs) in vitro and is responsible for the highly errorfree (>90%) bypass of UV-induced CPDs in vivo (53, 54) . Interestingly, the DNA binding affinity of human pol η alone is not enhanced by the presence of a TT-CPD, and it progressively weakens on extending a P/T junction such that the pol η•DNA complex is destabilized after incorporating only two dNTPs beyond the lesion (55) . Human pol η does contain two noncanonical PIP domains, only one of which is essential and sufficient for pol η-mediated TLS in vivo (49) . However, the affinity of these noncanonical PIP domains for PCNA is moderately compromised by the replacement of conserved residues in the canonical sequence with alternative amino acids (47) . Thus, PCNA stimulates the processivity of human pol η very weakly such that only four to seven dNTPs are inserted within a single DNA binding encounter (56) , in stark contrast to that observed for human pol δ in the current study (Figs. 2 and 3) . The distributive behavior of human pol η is also observed in other human TLS pols such as pol κ and pol ι and it is befitting of TLS as it limits potentially erroneous DNA synthesis by TLS pols (57) .
Together with the results presented in the current study, we suggest that TLS and the subsequent resumption of DNA synthesis by pol δ may occur in the absence of PCNA monoubiquitination on the lagging strand, as illustrated in the model in Fig. 5B . The results presented in Fig. 4 demonstrate that human pol δ rapidly dissociates from DNA on stalling at a DNA lesion it cannot accommodate, leaving PCNA behind. An incoming TLS pol(s) only needs to bind PCNA at the stalled P/T junction to attempt TLS. This process is dictated by the passive dissociation of pol δ (Table 2 ) and, hence, pol δ may rebind to the resident PCNA and stalled P/T junction. However, pol δ-mediated DNA synthesis cannot resume on the afflicted Okazaki fragment until the lesion is bypassed by one or more TLS pols. Once bypass occurs, the distributive behavior of the TLS pol(s) allows pol δ-mediated DNA synthesis to resume beyond the lesion and the nascent DNA is completely extended to the 5′ end of the downstream Okazaki fragment. These TLS events allow DNA synthesis to continue without formation of ssDNA gaps opposite DNA lesions. Such behavior (referred to as "on the fly" TLS) was first observed in DT40 avian cells irradiated with UV and, indeed, found to be independent of PCNA monoubiquitination (58) . Recent cellular studies suggest that ubiquitination-independent TLS events occur in murine (24, 59 ) and human cells (60) irradiated with UV, perhaps in a similar manner. However, monoubiquitination of PCNA is required for optimal TLS in mammalian cells (24) . This discrepancy raises two key questions: (i) what is the temporal correlation between monoubiquitination of PCNA and TLS on the lagging strand and (ii) what is the role(s) PCNA monoubiquitination during TLS? The signal for monoubiquitination of PCNA at a stalled P/T junction is the buildup and persistence of RPA-coated ssDNA downstream of the offending damage (2). Considering observations from previous in vivo studies (see below), we propose the following model (Fig. 5B) . After a mounting number of failed on the fly TLS attempts, pol δ is eventually recycled to the upstream Okazaki fragments to keep up with ongoing "bulk" DNA synthesis. Such events would leave behind an ssDNA gap opposite the offending lesion. Indeed, when SV40-transformed human cells were irradiated with UV, ssDNA gaps were observed in the replicated portions distal to the replication forks within SV40 DNA molecules and the size of the gaps (50-300 nt) agreed with the expectation for incomplete synthesis of Okazaki fragments (42, 43) . In similar fashion, on SV40-based plasmids containing a single unique site CPD in the lagging strand template, synthesis of the Okazaki fragment containing the CPD lesion was selectively inhibited compared with the flanking fragments. Furthermore, strand elongation past and beyond the lesion was observed in only a fraction of the analyzed molecules (50, 61) . Altogether, these observations suggest that the lagging strand template is reprimed 5′ to the damage, and pol δ is recycled to nascent primers upstream of the damage, leaving behind a ssDNA gap extending from the CPD lesion to the 5′ terminus of the downstream Okazaki fragment. In this scenario, TLS across the offending DNA lesion and subsequent "filling in" and sealing of the ssDNA gap occurs behind the replication fork, i.e., postreplicative gap-filling. This model originated in the 1970s from studies on UV-irradiated mammalian cells and was the prevailing view for TLS before the discovery of PCNA monoubiquitination (42, 62, 63) . Perhaps these persistent ssDNA gaps coated with RPA serve as the signal for monoubiquitination of PCNA on the lagging strand. Indeed, postreplicative gap filling in DT40 avian cells irradiated with UV is dependent on PCNA monoubiquitination (58) . The present study unveiled the passive exchange of human DNA pols at stalled P/T junctions, and such behavior is in tune with ubiquitin-independent (on the fly) TLS. However, such events have yet to be demonstrated in vitro and supporting evidence has mostly been inferred from cellular and genetic studies, as noted above. In addition, we demonstrate that PCNA monoubiquitination has no effect on the assembly, activity, or disassembly of the human pol δ holoenzyme. So, what is the role(s) monoubiquitinated PCNA during postreplicative gap filling in humans and how is it executed?
The results from the current study provide the foundation to directly test each model in future biochemical experiments and delineate the molecular details of human TLS. This initiative is imperative to deciphering the elusive role(s) of monoubiquitinated PCNA in human TLS.
Materials and Methods
Materials. [γ-
32 P]ATP was purchased from PerkinElmer, and all unlabeled dNTPs were obtained from Denville Scientific. T4 polynucleotide kinase was purchased from New England Biolabs. Neutravidin was purchased from Sigma-Aldrich.
Oligonucleotides and Recombinant Proteins. DNA substrates were synthesized by Integrated DNA Technologies and purified on denaturing polyacrylamide gels. Concentrations were determined from the absorbance at 260 nm using the calculated extinction coefficients. For annealing the P/T DNA substrates, the primer strand was mixed with a 1.1-fold excess of template in 1× annealing buffer (10 mM Tris·HCl, pH 8.0, 100 mM NaCl, and 1 mM EDTA), heated to 95°C for 5 min, and allowed to slowly cool to room temperature. For experiments in which DNA synthesis was measured, the primer was 5′-labeled with 32 P using [γ-
32 P]ATP and T4 polynucleotide kinase before annealing. A truncated form of RFC (hRFCp140ΔN555) described previously was used in all of the reported studies and is referred to as simply RFC throughout the text (5). The plasmids for expression of WT human RPA were a generous gift from Marc Wold (University of Iowa, Iowa City, IA). RPA was expressed and purified from E. coli, and the concentration was determined from the reported extinction coefficient as described (64) . WT and exonuclease-deficient human pol δ (pol δ) were expressed and purified from E. coli as described previously (34) . The exonuclease-deficient human pol δ mutant contains a single point mutation (D402A) within the exonuclease domain of the catalytic subunit (p125/ POLD1). This conserved residue is critical for divalent metal binding and the D402A mutation completely abolishes exonuclease activity (45) . Details of the exonuclease-deficient human pol δ expression vectors will be described elsewhere. The concentration of the p125 subunit was determined by slight modifications to a published protocol and the concentration of the foursubunit DNA pol δ complex was expressed as the concentration of the p125 subunit (SI Materials and Methods). The exonuclease-deficient DNA pol δ D402A mutant is completely devoid of exonuclease activity on the 29-mer primer when annealed in the P29/Bio62 DNA substrate (Fig. S1A) , in agreement with a previous report (45) . This pol was used in all of the reported primer extension and stability assays and is referred to simply as pol δ throughout the text. PCNA was expressed in E. coli and purified by a published protocol (65) . PCNA concentrations were determined from the absorbance at 280 nm using the calculated extinction coefficients. The expression plasmid for WT human ubiquitin (pRSUB) was a generous gift from Keith D. Wilkinson (Emory University School of Medicine, Atlanta, GA). The expression plasmid for UbcH5c(S22R) was purchased from Addgene (66) . The human cDNA clone of UBA1 was purchased from OriGene. Detailed protocols for the expression and purification of recombinant ubiquitin, Uba1, and UbcH5c(S22R) proteins can be found in SI Materials and Methods. Monoubiquitinated PCNA containing single ubiquitin moieties conjugated to K164 of each monomer within a PCNA ring was synthesized enzymatically and purified by slight modifications to a published protocol (25) . Please refer to SI Materials and Methods for details.
Primer Extension Assays. All primer extension and holoenzyme stability (see below) experiments were performed at 25°C in an assay buffer consisting of 1× replication buffer [25 mM TrisOAc, pH 7.7, 10 mM Mg(OAc) 2 , 125 mM KOAc] supplemented with 0.1 mg/mL BSA and 1 mM DTT. For all experiments, the final ionic strength was adjusted to 200 mM by addition of appropriate amounts of KOAc. All reagents, substrate, and protein concentrations listed are final reaction concentrations. The pol δ holoenzyme was assembled by pre-equilibrating a mixture of 50 nM P29/Bio62 DNA and 200 nM neutravidin at 25°C in a temperature-controlled water bath. RPA (125 nM) was added, and the mixture was allowed to equilibrate for 2 min. PCNA [62.5 nM of either PCNA or (Ub) 3 -PCNA trimer] was added, and the mixture was allowed to equilibrate for 3.5 min. ATP (25 μM) was added, and the mixture was allowed to equilibrate for 30 s. The ATP concentration was kept low unless otherwise indicated to minimize the erroneous insertion of ATP by human pol δ (67). However, the PCNA loading and unloading activities of RFC are maximal at this low concentration of ATP (5) and, thus, the extent of holoenzyme formation and subsequent extension of the primer is not limited by the amount of PCNA loaded onto DNA by RFC (Table 1 and Fig. S4 A and B) . RFC (62.5 nM) was added, and the mixture was allowed to equilibrate for 1 min 50 s before pol δ (100 nM) was added. After 10-60 s, DNA synthesis by assembled holoenzymes was initiated by simultaneous addition of dNTPs (50 or 250 μM of each) and trap (50 μM). The concentration of trap (50 μM) was chosen so that it operates passively to sequester any pol δ that dissociates from the P29/Bio62 DNA substrate over an extended incubation (Figs. S8 and S9) ; 50 μM of each dNTP is within the physiological range of concentrations for each dNTP in a dividing human cell (68) . At variable times, aliquots of the reaction were removed, quenched with 250 mM EDTA, pH 8.0, and diluted 3.8-fold into 95% formamide/25 mM EDTA/0.01% (wt/vol) tracking dye solution. Primer extension products were analyzed on 16% sequencing gels. Before loading onto gel, samples were heated at 95°C for 5 min and immediately chilled in ice water for 5 min. Gel images were obtained on a Typhoon Model 9410 imager. The radioactivity in each band on a gel was quantified with ImageQuant (GE Healthcare), and the data were plotted with Kaleidagraph (Synergy). For the full-length 62-mer product, all data points were fit to a flat line where the y-intercept reflects the amplitude. For the total amount of primer extension products, data points after t = 10 s were fit to a flat line where the y-intercept reflects the amplitude. Values for the amplitudes are reported in Table 1 .The amplitude for primer extension is equal to the concentration of assembled pol δ holoenzymes that are competent for DNA synthesis. It should be noted that the DNA synthetic activity of pol δ was not monitored in our previous report, and formation of the pol δ holoenzyme was indicated by pol δ capturing loaded PCNA from DNA-bound RFC. The results indicated that pol δ stabilized a stoichiometric amount of loaded PCNA on DNA, demonstrating the maximum efficiency of pol δ holoenzyme formation (5) . Under all experimental conditions reported in the current study, the amplitude for primer extension was less than the concentration of pol δ when the accessory proteins (RPA, PCNA, RFC) were in excess of the P29/Bio62 DNA substrate. Such behavior was independent of dNTP and ATP concentrations, as well as preincubation time (Fig. 2) . Altogether, this suggests that all assembled pol δ holoenzymes are not competent for primer extension.
Probability of Insertion, P i . The processivity of pol δ holoenzymes can be analyzed at single nucleotide resolution in the experiments depicted in Fig.  2 . For each dNTP insertion step, i, the probability that a pol δ holoenzyme will insert another dNTP, P i , is equal to the concentration of all primer extension products up to at least length N + i (where N is the length of the primer) divided by the concentration of all primer extension products up to at least length N + i − 1. These calculations were carried out for each time point within the plateau (20-50 s), and the average was taken. Please see Fig. S6 for a detailed example. Primer extension products between the size of 36 and 43 nt and between the size of 46 and 54 nt cannot be accurately quantified individually. In these regions, the primer extension products were quantified together as a whole, and we assume that the probability of insertion in these regions remains constant and is perpetuated. For example, the probability that a primer extension product 46 nt in length will be extended to a product of 55 nt in length, a total of nine insertion steps, is equal to (P [18] [19] [20] [21] [22] [23] [24] [25] [26] 9 . To calculate (P [18] [19] [20] [21] [22] [23] [24] [25] [26] , the concentration of all primer extension products at least 55 nt in length was divided by the concentration of all primer extension products at least 46 nt in length, and the ninth root of this ratio reflects the average probability of insertion (P [18] [19] [20] [21] [22] [23] [24] [25] [26] ) for steps i = 18 through i = 26. Pol δ Holoenzyme Stability Assays. The pol δ holoenzyme was assembled as described above with either PCNA or (Ub) 3 -PCNA. All reagents, substrate, and protein concentrations listed are final reaction concentrations. After a 10-s preincubation with pol δ, holoenzymes were selected for by the simultaneous addition of dGTP (50 μM) and 29ddC/62 DNA trap (50 μM). The holoenzymes were then incubated for 5-60 s. After the indicated time of incubation, an aliquot was removed and mixed with dNTPs (50 μM final concentration of each) to initiate DNA synthesis by holoenzymes still bound to the P29/Bio62 DNA substrate. After 1 min, the reactions were quenched and analyzed as described above. Only dGTP was included during the trap incubation to limit a potential bias for fast, processive pol δ holoenzymes. Inclusion of the first two or three dNTPs to be incorporated would have permitted primer extension up to i = 5 and i= 8, respectively (Figs. 1 and 3A) , where 30-40% of the assembled pol δ holoenzymes will have already dissociated. Under either of these conditions, only stable, processive pol δ holoenzymes would survive the trap incubation and further extend the primer upon addition of the dNTP chase.
To ascertain the extent of erroneous primer extension beyond i = 1 during the trap incubation, these experiments were repeated except aliquots were quenched before the addition of the remaining dNTPs. The fraction of primer extension products beyond i = 1, referred to as c, remained constant over the entire trap incubation time and the average was taken. For holoenzymes assembled with either PCNA (c = 0.0167 ± 0.00237) or (Ub) 3 -PCNA (c = 0.0245 ± 0.000753), the observed values were minimal but nonetheless accounted for as follows. For each time point, the fraction of holoenzymes associated with the P29/Bio62 DNA substrate was determined by F = (A t -c)/(P 2 -c) where A t is equal to the fraction of primer extension products that are greater than 30 nt in length at a trap incubation time of t and P 2 is the probability of insertion for i = 2 from Fig. 3 . Thus, the term P 2 -c reflects the range for each holoenzyme and allows data to be normalized. Hence, at t = 0, A t = P 2 and F = 1 for each respective holoenzyme.
As a control, these experiments were repeated using catalytically inactive human pol η as trap. This mutant was generated by inactivating point mutations in conserved residues (D115A, E116A) within the full-length, human pol η protein that are necessary for catalytic activity (52, 53, 69) . Site-directed mutagenesis, expression, and purification of this protein will be described elsewhere. The stability assays were carried out as described above with minor differences in the final concentrations of the substrate and proteins: 10 nM P29/Bio62 DNA, 40 nM neutravidin, 50 nM RPA, 50 nM PCNA trimer [either WT or (Ub) 3 -PCNA], 10 nM RFC, 50 nM pol δ, and 500 nM catalytically inactive pol η. The concentration of catalytically inactive pol η was chosen based on its ability to inhibit the activity of the human pol δ holoenzyme for at least 2 min.
